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Ultrafine metal and alloy powders are finding an ever growing number of applications 
in metallurgy and in other fields (ref. 1). Of particular interest are ultrafine metal and 
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cron size in this and in a previous investigation by the author (ref. 6). 

The objectives of this investigation were to determine the behavior of metal powders 
during ball milling either in pure water or in oxygenated water and to gain an insight into 
the grinding mechanism. 
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made from type 410 (12 percent chromium) stainless steel, have an inside diameter of 
10. 2 centimeters and a volume of 1580 cubic centimeters. Their covers have O-ring 
gaskets to provide a gas-tight seal. The mill pressure was monitored with a 
7. 5- centimeter-diameter gage mounted on the cover. This gage was demountable so 
that gages covering different pressure ranges (including vacuum) can be used. They were 



MATERIALS 


P® % 






Figure 1. - Gas-tight mill with pressure gage. 






In one experiment, the ball-milling run was begun without any powder in the mill. 

The other ball-milling conditions were the same as for ball milling with powders and with 
pure water described previously. Pressure readings were taken during the run. At the 
end of the run, the ball mill was opened in a helium-filled glove box. The liquid from the 
mill was loaded in gas-tight containers and centrifuged. The recovered powder (produced 
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Table n shows that tantalum, zirconium, chromium, iron, and stainless steel ball 
milled in pure water have particle sizes ranging from about 1/7 to 1/200 the particle 
sizes of the original powders. No doubt longer ball-milling time of these materials would 



the hydrogen pressure was released. The flat portion of this curve is probably caused by 
formation of zirconium hydride during ball milling (shown later). Similar curves were 
obtained on ball milling tantalum and (except for the flat portion) stainless steel in pure 
water. The corresponding curve for chromium obtained in a previous investigation by the 
' writer (ref. 6) is also similar. 


Release ball-mill pressure 
Initial ball-mill helium pressure 
Pressure during ball milling 
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As already indicated, nickel, copper, and silver did not react with water during ball 
milling. To determine whether there was any relation between the milling medium and 




Pressure during milling (mill 
pressurized with oxygen) 
Pressure during milling (mill 
pressurized with helium) 
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Microscopic examination of the as-received metal powders used in this investigation 
showed them to be approximately equiaxed. The surface areas and particle sizes (0. 43 
to 6. 2 jum) of these as-received powders are shown in table I. 
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Figure 8. - Photomicrographs of nickel powder. Dark background is metallographic 
mount. Unetched. 








430 Stain- Pure water Partial replacement of Fe by Cr 

less steel 5-FeO(OH) in oxides and/or hydroxides of iron 

o?-Fe would give a similar pattern 
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According to thermodynamic principles, the preceding reactions can take place only 
if the free energy changes for the reactions are negative. However, thermodynamics is 
not the only criterion that must be considered. Usually, even if the free energy change 
is negative, most metals do not react with water to any appreciable extent. The reason 
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In addition to releasing hydrogen by their reaction with water, metals that reacted 
with water were affected differently during ball milling than the metals that did not react 
with water. As shown by comparison of tables I and n, all the metals that reacted with 
water during ball milling also had their surface areas considerably increased. These are 
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nas oDserved (in otner experiments not described here) that on ball milling metals in a 
variety of pure liquids (acetone, alcohol, methylene chloride, toluene, etc.,), the finer 
the metal powder obtained by ball milling the greater their contamination with elements 
originating in the ball-milling liquid. From all these observations it is hypothesized that 
for extensive comminution of metals and alloys to occur during grinding they must react 



with the grinding medium. Considering that bare metal surfaces weld readily (ref. 12), 
this hypothesis must be qualified with the proviso that the reaction product be retained as 
a coating on the particles being milled. Even with this proviso, however, and because of 
the many factors affecting the grinding process (ref. 8) there may be exceptions to this 
rule. The hypothesis stated, however, is believed to have general validity. 
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metal powders (for dispersion strengthening or other applications) in some systems. 
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the order of the dimensions of the metal crystal between imperfections). From the 
writer’s experience on ball milling of relatively brittle chromium in vacuum or in inert 
gases, its particle size can be substantially reduced. But even after long milling time 
periods (up to 800 hr) in what appears to be unreactive atmospheres, the ultimate particle 
size attainable is of the order of only 0. 5 micrometer, as contrasted to 0. 06 micrometer. 
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chemical reaction produces a weaker (and probably also deeper) brittle reaction coating. 

It might be thought that the balls are very large compared with the particles and that, 
hence, these particles should be uniformly flattened and cold worked by impact of the 
balls. Actually, however, the balls are not perfectly smooth but have microscopic ridges 
which could cause localized cold working of the particles. In addition, and as pointed out 
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(ref. 18), it is evident that whatever the type of welding for oxide-coated particles, this 
welding will be much more difficult than for uncoated particles. On the other hand, par 
tide fracturing would be aided by chemical reaction. Hence, the equilibrium particle 
size of the particles coated with reaction products should be smaller. 



The extent to which the welding of particles is influenced by reaction with the grind- 
ing medium depends, to a degree, on the nature of the reaction product formed. Some of 



An interesting factor in any comminution process is the cleanliness of the final, 
ground product. In particular, in the case of metals it is desirable to produce powders 
with high specific surface area and low oxygen. The oxygen reacted with the powders 
ball milled in pure water (zirconium, tantalum, 430 stainless steel, and iron) as a func- 
tion of ball-milling time are plotted in figure 10. The data points for these curves were 
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Figure 11. - Oxygen reacted with copper and nickel ball 
milled in water pressurized with oxygen as function 
of milling time. 





prove to be good grinding media. 

According to the stated hypothesis (that extensive comminution of ductile metal pow- 
ders requires reaction with the grinding media) the resulting ultrafine powders will be 
contaminated with the reaction products, often to high levels. Hence, the resulting pow- 
ders must either be cleaned before use or else used in applications where the coating is 
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APPENDIX - PROCEDURE USED FOR CALCULATING OXYGEN REACTED 
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^^The aeronautical and space activities of the United States shall be 
conducted so as to contribute . . . to the expansion of human knoiul- 
edge of pheno7uena in the atmosphere and space. The Administration 
shall provide for the widest practicable and appropriate dissemination 
of infor?7?atio72 concerning its activities and the results thereof!^ 
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